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POREWORD

This report was prepared by the University of Brussels, Belgium,
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No. 735001, "Non-Graphitic." The work was administered under the direc-
tion of the Air Force Materials laboratory, Research and Technology

Division, Wright~Patterson Air Force Base, Ohio. Mr. F. W. Vahldiek

was the project engineer.




ABSTRACT
N
A summary of the mass spectrometric investigation of the vapor phase

of group IV-group VI compounds is given. Thermochemically obtained
values for the dissociation energies of the MeX molecules are compared
to the spectroscopic values. Polymerization energies of MeX and atomiza-

tion energies of Hexé molecules are presented.

This technical documentary report has been reviewed and is approved.
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THE DI330CIATION AND POLYMTRIZATION "NZRSITS OF
TRCOUP IV - GROUP VI eareounEs(®) (+)

J. orowart and R, Colin

Laboratoire de “hinie Thiysiiue Molfculalre
Université Libre e Bruxelles, Prussels, Felgium.

The diatomic rolecules of the Group IV-Group VI ele-
ments huve Yeen known for a long time from optical spectrocscopy,

which made 1t possible to obtain accurate dissociation energies

(1
for a numter 0 these molecules’ ’2). The condensed compounds

of this .roup, either ¥eX or MeX, are in general also known. Most
g
have teen studied thermochemically and total vapor pressures and

2
heats of forration have been measured(’).

..,

a apectrometric investigations of the gss phase

( ( '
which concernied 510?(4), Pb?e(S), ThTe 5), 343‘6) and Pb3(6) have

teen extended 3ystematically during the last two years in this

/
laheratory to the remaining compounjs‘7). These studies made it

possible to icdentify in the ~as phase a number of (T-ieX)n polyme-—
ric molecules and MeX2 molecules and to deterrnine quite accurate
values for the dissociation eneriies of the gaseous YeX molecules.

A summary of the results is given in the present paper.

(%) This work was sponsored in part by the Wright Air Livision
of the Aeronautical Systems Division A.F.S.C., U.S. Air
Force, through its European Office.

(+) Expanded text of a paper presented at the Eleventh Annual
Conference on Kass Spectrometry and Allied Topics, ASTM
Committee E-14, San Francisco, May 20-24, 19€3.

Manuscript released by authors 15 July 1963 for publication as a WADD
Technical Documentary Report,




1. EXPERIMENTAL.

The mass spectrometer used is a £0°, 20cm radius of
curvature, single focussinyg instrument, adapted(ﬂ) for the study
of high temperature inorganic processes, and equipped(g) with a
secondary electron multiplier. The samples were ploced irn Knudsen
cells heated by radiation from a tungsten looyp and.when necessary
by electron hombardwment. In the studies reported lere the latter
were mainly uartz cells. Their temperature was me=:sured either
with an optical pyrometer or with <« I'*=-7tRh 1C /4 thermocouple. A
molecular heam originating “rom the cell. wa3 collimated and di-
rected into the ion source of the muss spectrometer where the ato-
mic and molecular species were ionized by electron bomrardment
and then muass analyzed. The identification >f the species (Tuble I)

/1\'\)

was made in the usuzl way from the nass, appearance potential

(Tsble II) and isotopic distribution of the ions and theintensity

t

listribution in the molecular beam.

2. EVAIUATION OF THTRMNODYNAMIC DATA.

The pressures are in general the total pressures given
in the literature, corrected, when necessary, for the presence of
polymeric species. A number of quantitative vaporization experi-
ments were also carried out to confirm the literature values of
the pressure or to complete these. Tor most of the diatomic mole-

cules the thermodynamic functions are given in the literature(11’12);




or estimated by methods discussed by Latimer

.and Evans

whenever not, they were calculated from statisticel mechanical

(1)

formulee using the known molecular parameters SinceAno infor-

mation is available for the dimeric species, free energy functions

were estimated. Very little is known about the structure of.tnese

molecules except that.one may think that they are analogoue to

those of the isoelectronic P4, As4 and Sb4.molecules. It vwlas there-
fore assumed that the free energy functions could bte estimated

by analogy with those of the P4, As4 and'Sb4 molecules(13), which

implies that a decrease in the. synmetry number is- compensated by

an increase in the vibration frequency. F‘or the hibher rolymers

.the free energy functions were estimated by analogy with those

.of a number of molecules of comparable'molecular Weight, contai-

ning the same total number of atoms(14)

For the Mélemolecules;
which are of the same type as the well known co, and ng molecu—
lés; free‘energy functions were calculated assuming these molecu-

les'fo be similar 1n structure and in nature of the electronic

;'steteS'to the latter, molecules. Thermodvnamic functlons of the

,.condeneed'phase_were takenfrom the literature whenever avallable°

(16) and Kubaschewski

(3),

3 RESULTS.

“a) Dlssociation Fnergies."
Table IV gives the dissociation energies derived from

thermochemical cycles, based on the heat of sublimation of the




molecnle from the condensed phase (?able III1), the heat of for-
mation of the latter(3) and the heats of sublimation of the ele-
ments(13). The thermochemically determined dissociation energies
"can now . be compared . to the converaence limits fon the electro-.
nically exc1ted states observed spec*roscoplcally. Amongst these
'the best known is that of the E state - It has: alreadv been

shown prev1ously from rotational analyses that at least for
Pb0(16) and PbS(17) this dnte correlates most probably with the
atoms-in-their 3P1 + 3P date. On the ba81s-pf the agreement
between snectnoscopic and thermochemical VaIues Jfor the ddeebcié-
 tion energlee of SnS and PbS it has also veen shown(C 7) tbaf'
the most-probable correlation is wi.th the 3? -state of.the-group -
Iv eiement and the‘3P1 or 3PO state of the group VI element.
'(The small di fference between the two nentioned sublevels of
.the_group Vi elements makes it difficult to distinguish tetween;.
them). Table fil also_givee a comparison between the thermo—:
chemieally<determined dissociation enepgx and tnat-de;ivedjfrdmﬁ
.the,electyonicaily excited E state wnerever.thie'etate ie known."

b) Po;ymerization Fnerg1es.

The polymerization energies measured to day are sum-.:
mafized in Table V. This table shows that the ‘complexity of -
the‘pqumers observed is highest fon-SnQ and PvO. _It‘further'

‘'shows a regular decrease of the ‘dimerization energies .from oxydes




now the [urther molecules of thlq type observcd are 518,

to tellurides.

The polymerization energies are also compared with
the heat of sublimation of monomeric ‘eX. This heat of
sublimqtion is that of the MeX compound or of the mlxture

deX2 + Ne. In those instances where the MeX . c0npound 1s.

metastable the heat of the reaction 1/2 meX (s)+&e(s) =>

Me((s) was taken into account. .uhen it is not known 1t has

fbeen assumed equal to. zero. Prom Table II it can be seenf f
E ;that for severul molecules tbe dlmerizatlon energv 1s of the:‘

same oroer of mqeqltude as the heat o subllmatlon of the'f

monomer ani thut the energy requlred to. deuach 1. PY grour

from the .Gi-mners and more comolex polymers 1s also of the

';same oriez of mablitude ind tends to show an. :1tepnat;on

from eVeh to odd gpecies.

e) Mexéimolecules.

“In Addipion.io the diatomic ard «olymeric spe01e= g

-number of ncx2 molecules were observed .in. these systems.

.fhese are analogous to .the wéli:khown oOO and - S9 molecu-
'les'ﬁo.which one'analoguc was airead&‘ xnown,_Slo (4). Vntll
S5 1,
51382, SiTez, GeLe2 and_SnTeg.. The atomizaxlon energies for
these'NeX2 molecules are_summarized in Tabhle VI, It is Eo
be noted that for these molecules the ratio of the atoﬁiéa-
tion energy to the dissociation energy of the WeX molecule

is guite constant.




TABLE I.

Composition of the Vapor of Group IV-Group VI

compounds
System : Composition of the vapor (in decrea-
' : sing order of partial pressure)
:.C+ Se, (g) : Se,, Se, CSe o
éioé-(“) . & 810, 0, 5105, 0,

3;}310' * °i(4?.' . f.51°' 51505 3?;3 L D
:.“SIS + 5182 o 3 SiS 32, SiS .

~SiSe +- SlSe, p .f SiSe. 2, S?Se2~

..
e o8 oo 68 00 ve se se se

os o9 oo oo se

.'ﬁept'u

531T¢~+-SLT9,'

1/2Ge0,+1/25¢

1/25n0,+1/250,

sns o
i?nSé;':
'SnTé. .
wpﬁo-"'
PbS

PbSe

PO, Pb,0,, Pb,0,, Pb,0

..AﬁfTez, S1Té, SiTe,, Te - .

i GeO; Sl 2.99303u’

2
igﬁeqf gq??é, Ge3?37 1,:.,. »l.
: Peo; Q2 . ’
j GéS '.}
5 z..‘:.'e're, G-e're2 . o :
E..SnO Sn Oo, Sn303{.$n4?4_“m Ty "fi'*
f onS Sn252 ' :
:’SnSe, Snzse,,,_Se2 .
: §nTe! 2,‘?¢, SnTe2, SpéTézw

2720 TP3V3r
PbS, szs2, Pv, 32

PbSe, pbzue,,, Pb Se2

4.

PbTe, Pb, Te, 'I‘e2




Table II.

Appearance potentials of

(in eV)

Group IV-Group VI

Molecules

U)
.
O
+
UI
[

: :15+3152

“isisessise,:

'.,QS;TeiSrrg"'

- ;GeQGZ'
3fiGé92f9¢

(om0

- iGes'.
iGe?e
géhoéésﬁ.
im0,
" isns
°SnSe:
"-SnTe-
" Pvo-
t;PbS .
:PbSe:. -
:PbTe

-Q 10. 9+o 9;

10.740.3 ¢

11 7+O 5

* 9. 5+0 5

=§JQ§33018_;;; b

-

13 1f0 9

R

s§i6.5§0;5"57

. 7+o s,_e

B 7405 =

: 91130.5? : _
-;t»935i0.55u:- :
..: 9@5:0;5h :

8,550,514

: 8.2+0.5 :

13 78+O 01

10 10+0 05

:90,4%1.0:

i) e e Feti Y :-
2)8.741.0:)8.647,0:

9 3+O 5

H .
o o o H
‘e
.
Q .
* .
.
. . " O
. .

11.841.0:8
9 2+O 5 o i ; !

i (18)
02

907I005

;'Se2: 8.8:0.5;Te2:8

.4:0,5..;




TABLE III. Reaction enthalpies

System ; Teaction Aqggekcal/mole
‘C+ Se,(g) : S(s)+Se(g)-> CSe(g) ' ; - 31.4+2.0
3102(4)'- : S10,(s) —> 510(g)+1/20,(&) :  198.31.5
:510,+51(4) 1 1/2510,(8)+1/251(8)->510(g): + 85.5:0.5
: §w31202<g> -5 2510(g) . - : 53.5+5.0
:S15+SiS, :.f.:i:(s) ->s5is(g) - i . es. 3+3 0
: ’ Sis (s) -> olS(g)+1/28 (g) 5 101.5+3.0

-jfsis (s) =>5iS,(g) - 'j-..i7o 0+3.0

:5iSe+SiSe, : SiSe,(g)->SiSe(g)+1/25e,(g): . 25.9:4.0

:SiTe+SiTe, - ;;éiTéé(é)->Si?e(g)41/2Teé(g); 21.644.0
cice® L Z.ceoig) => ueO(g) - i 53.532.6
: ‘ : (g) -> 9GeO(g) B : - 49.444.5.

: : 3(3),7> 3GeO(g) - ‘-j.j } 25 §7 1+7.0
:Ge0,+Ge. ?’1/gae92(s)¥1/23e(g)->7eolg)§'_ .58 3+2.2.

:GeOy + i GeO,(8)->6e0(g)+1/20,(g) - 1121 6+3.0
§b§s i : GeS(s) -> GeS(g) . - - i- ;38.716.6"

:GeTe : GeTe(s) -> Gefe(g) 'ff't'_; .7-47.é£2.Q
;T : GeTe(s) -> Ge(s)+1/2Te2(g) 24.642.0

2 GeTe(s) ~>Ge(s) +GeTe2(g) 53.343.0

: GeyTe,(g) ~> 2ieTe(g) : < 33
8




: SO, + Sn : 1/2 Sn0,(s)+1/25n(s)->Sn0(g): 73.642.0

2

: $n202(g) -?'ESnO(g) : 69.7+5.0

; 0,(g) => 35n0(g) ; 138.6+7.0
0,(g) =>4sn0(g) - & 209:2410.0

; San o ; SdOz(s) => SnOig)+1/202(s) ; 141.7+2.0
: sns(6) : sns(s) -> SnS(g) . i 52.641.6
o o S,(g) => 25ns(g)” . ; (48.725.0
i‘SnSé(22) : ,?]éﬁSe(s5 -> SnSé(g)._' ._"i '54:0i2.5:
P :,énSe(s) > Sn ( +1/2oe (g) ; _'37.0:1;5
..Sn Sez(g) -> °SnSe(g) ";Téi '46}5:5.0'
; SnTe(22) .‘.?snrq(g)tf>*3ﬁTe(g)- L i:u_'sg.ﬁéz.o o

; énTéésé -> Sn(s)+1/2Te (g) ; 3&,3:259-

éa%nTé(é) -> dn(s)+Te(g) ‘iy..53}4tA.C

; i.onTe2(&) >'snTe( )+1/?Te2(g) 17.544.0
.';.SnzTez(g) -> 9SﬂTe(g) - '.f.: }6.8:6:6

: PLO . '_;jpbo(s) = PbO(g) R L YN
- %;Pbgog (g) -> °Pb0(g). : : 7:5743+5.0

;'Pb303(g)--> 3Pb0(g)_ i 114.557.0
:'3b4o4(g) ~> 4Pv0(g) i 176.5810.0
: pos(®) " I'pes(s) -> Pbs(e) © o 55.7+1.6
| : PbS(s) -> Pb(g)+1/25,(g) :  84.5+2.6
: Pb,S,(g) -> 2Pb3(g) : 44.815.0
9




se se se oo

PbSe

PbSe(s) -> PbSe(g)

. PbSe(s) -> Pb(s)+1/2Se,(g)

. Pb,Se,(g) -> 2PbSe(g)

53.9+2.0
41.042.0
44.445.0

E PbTe(s)

X PbTe(s) -> PbTe(g) .

: PbTe(g) ~> Pb(g)+Te(é)

55.0+2.0

- 53.542.0

10




TABLE IV - ComparI;on of Spectroscopic (DY) and Thermo-
chemical (Do) Velues of the Dissociation
Energy of Group IV-Group VI Molecules (in eV).

: Molecule: Convergence Limit: Dy e ; 07

: g E State 5 H

: o ; £11.11140.06

: os ; ; : 7.53+0.15(73)
Pose ; : 6.0050.15

: (CTe) : (4.8 + 0.4 )%
P sio : : B.3250.15

P sis 1 6.4420.06(2) . 6.38.0.06 :

P sise i 5.66+0.15(2%) 1 5.4049.15 :

P SiTe © :(4.7040.25)(2%)  l(s.11.0.25)

; GeO : : | ' : 5.82+40.13

! GeS : 5.7950.03(26)  § 5.6740.03 : 5.78+0.15

. Gese  : 5.25+0.03(26) 4.93.0.03 :

; GeTe ; 4.49:8:38(26) ; g ; 4.02+0.15

: 5no : 5.6850.05(19) 1 5.4540.05 ;: 5.53+0.13

! sns : 5.0640.10(2T) 1 4.80+0,10 : 4.78+0.12(6)
. snse  + 4.5420.05(28) 1 4.0840.06 : 4.1240.17(22)
: snte : (4.0m)(28) © (3.28) : 3.46+0.17(?2)
: Pvo : > 4.86(29) : >3.87 : 4.0040.13

' PbS t 4.554+0.20(29) * 3.53+0.20 t3.4240.12(6

. Pose > 4.32(29) > 3.10 : 3.0740.12(39)
' poTe : f2.3050.17

# Values based on Birge-Sponer extrapolations have not been
included.
## estimated




TABLE 7. Tnthiloies of Folymerization of Group IV-Group VI
¥olecules MeX (in kcal/mole)
(Mex)n(g) & (HeX)n_1(g)+MeX(5)

"olecule n=2 '.; n=3 ; " n=4 ; n:-o'

: : :(s0l11d)
3i0 53.5 : 85.5 %
518 1 €6.3
31Se 8
31Te g
160 49.4 s 47.7 : : 53,1
el : : : 38.7
ze‘e :
JeTe <33 g 45.3
Sn0 3.7 1 60.9 . 70.5 : 73.6
Sn< 43.7 : {52k 6
SnSe 456.5 ¢+ 51.0
5nT 45,8 g 52.1
PhO 57.3 57,2 . 62.0 A G703
FbS : 44.8 s : : 55.7
hie t 44.4 : R : 53.9
PbTe : - : : : 53.8

#

1/2 Mexg’s) + 1/2 Me(s) => MeX(z)




se se oo 30 oo

TABLE VI. Stability of Group IV-Group VI MeX, Molecules

(in kcal/mole)

Molecule ; AHg’at(MeXQ) ;Dg(MeX) éAﬁg,at(Mexz)/Dg(mex§
€0,/¢0 § 381.5 256.2 1.49
CS,/CS : 272.0 173.6 1.57
3102/510 ; 302.8 191.9 1.58
SiSz/SiS : 230.4 147.0 1.57
SiSe2/SiSe : 185, 1 124.5 1.49
SiTeQ/SiTe i 140.9 94,7 1.50
GeTe,/GeTe 137.1 92.7 1.48
SnTeg/SnTe ; 123%:2 79.8 1.55
13
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